The mechanisms of renal heat clearance were studied in anesthetized dogs by recording renal venous and cortical temperatures during step changes of arterial blood temperature induced by infusion of 0.9% saline of room temperature into the renal artery. The venous thermodilution curves were well described by a three-exponential function with average rate constants: kx = 10.4 min" 1 , k,, = 2.2 min-1 , and k 3 = 0.59 min-1 , and intercepts at 34%, 44%, and 22%, respectively. The various components were interpreted as follows:
in fact suggested by the finding of higher temperatures in the cortex and medulla than in renal venous blood (5) .
The present experiments were undertaken to demonstrate and to quantitatively estimate the renal heat shunt by a transient thermodilution technique. Furthermore, the use of integrated arteriovenous temperature difference for measurement of total renal blood flow was investigated.
Methods
Nine mongrel dogs of both sexes, weighing 12.5 to 23.5 kg, were anesthetized with pentobarbital, 25 mg/kg iv. During the experiments, anesthesia was maintained with doses of 3 to 6 mg/kg. A tracheal tube was inserted to secure free airways. A polyethylene catheter was introduced into a femoral or brachial artery for blood sampling and pressure recording with a Statham transducer and Sanborn amplifier and recorder. The left kidney was exposed retroperitoneally through a flank incision and the ureter cannulated with a polyethylene catheter. In five experiments, a hooked injection cannula, 1.1 mm thick, mounted on a polyethylene catheter was inserted in the renal artery for infusion of saline, and in the last four experiments a polyvinyl catheter was introduced by the method of Herd and Barger (6) . The cannula was always introduced in retrograde direction.
Temperature Measurements. -Thermocouples were made by soldering together 40-gauge Teflon-insulated copper and constantan wires. They were introduced and anchored in the renal vein as follows. A slice of rubber stopper 4 to 5 mm thick was fixed to the constantan wire by stitching it three times through the stopper, the distance to the soldering point being adjusted to 5 to 6 mm. With a slightly blunted mending needle, the copper wire was then stitched through the renal vein with a distance between entry and exit of about 10 mm and pulled gently until arrested by the stopper. In all except two experiments, this procedure provided free position of the thermocouple in the renal venous blood stream. Bleeding from the renal vein was usually easily controlled by light compression. The kidney was not dissected free or removed from its normal position during the procedure, and the wound was temporarily closed before temperature recording. To avoid complicating effects of variations in body temperature and systemic recirculation of injected heat, the reference thermocouple mounted in a catheter was placed in the abdominal aorta.
In two experiments, local heat clearance was recorded from thermocouples sewn into the renal cortex and anchored in place by fixing the wires to the kidney surface both at entry and exit. The kidney had to be exposed and dissected free during this procedure. The heat clearance recordings were undertaken, however, with the kidney in situ and the wound closed. Technical difficulties prevented simultaneous measurements of cortical and renal venous heat clearances, but the experimental procedure was equal in the two types of experiments.
To estimate heat conduction to perirenal tissue, temperature measurements were also made with a thermocouple embedded in a slice of muscle tissue sewn to the renal capsule. The distance from the renal surface was about 2 mm.
The voltage difference between the renal and aortic thermocouple was recorded by a Keithly Instruments 150 Microvolt-Ammeter and a Honeywell recorder. In the experiment in which the perirenal temperature was recorded, two such sets of instruments were used. The instruments were calibrated to give full-scale deflection at 30 fiv, corresponding to a temperature difference of 0.75°C. The setup was tested in vitro and showed 90% deflection in less than 1 second.
Renal Blood Flow Measurements.-In seven experiments, renal blood flow was estimated from clearance of para-aminohippurate (PAH). PAH in 0.9% saline was given as constant intravenous infusion at a rate giving an arterial plasma concentration of 1 to 2 mg/100 ml. At least two 10-minute clearance periods were run in each experiment between recording of venous thermodilution curves. PAH in urine and plasma was measured by the method of Smith et al. (7) . Renal blood flow was estimated from the PAH clearance and hematocrit by assuming an average plasma extraction of 80%. In two experiments, total renal blood flow was measured continuously with a Nycotron electromagnetic flowmeter, using a transducer with a gap of 3 mm. The flow transducer had been calibrated directly on femoral arteries in other experiments. At the end of each experiment, the kidney was removed and allowed to drain freely for 15 to 30 minutes before weighing, and this weight was used foi calculating blood flow per gram of tissue. Experimental Procedure.--To check the placement of the renal venous thermocouple, slug injections of 0.9% saline of room temperature (approximately 22°C) were given into the renal arterial catheter. Correct position gave a rapid fall in venous temperature in less than 1 second. Minimum was reached in another second, and the temperature then rose rapidly toward control level, with return to one-third of maximal response in 5 to 10 seconds (see Fig. 1 ).
For quantitative information, thermodilution curves were obtained in the following way: The kidney was brought from control temperature (T o ) to a new steady-state temperature (Tj) by continuous infusion of saline of room temperature. The infusion was given by hand, and the infusion rate was adjusted to lower venous temperature rapidly to 0.5° to 0.7°C below control, and to keep the temperature at this level for at least 2 minutes. The infusion was then suddenly stopped, and a thermodilution curve was recorded describing return of renal venous blood temperature to control level. Curves recorded after longer infusion times did not differ significantly; it was therefore concluded that a new steady state had been reached after 2 to 3 minutes of infusion.
Results and Interpretation
Thirty-three satisfactory venous thermodilution curves were obtained in five dogs. Two experiments were discarded because of slow temperature response, presumably due to displacement of the venous thermocouple. Figure 1 shows the rapid response obtained after slug injection, indicating correct placement of the venous thermocouple. The curve Renal venous temperature curve following a slug injection of 2 ml saline of room temperature into the renal artery. Arrow indicates change of recording speed.
also shows that a considerable part of the injected cold passes very rapidly through the kidney and thus gives qualitative evidence for a heat shunt between arterial and venous vascular beds in the kidney.
A typical renal venous thermodilution curve following the sudden stop of saline infusion is shown in Figure 2 .
For the sake of quantitative description, the value 0 = T -T i , 
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The considerable variation of mean values suggests that different dogs may give different thermodilution curves. This was also confirmed by variance analysis showing that the variability between dogs was greater than that within each dog ( Table 1 ). The 90% percentile of the Fisher distribution with 4 and 28 degree of freedom (F. 90 [4, 28] ) are compared to the variance ratio F calculated from data.
The values from Table 1 can be used to calculate a single mean and standard deviation. Thus, the mean renal venous heat clearance can be described by the following three components: (1) Physiological Interpretation of the Venous Heat Clearance Curve.-Any physiological in-terpretations of the descriptive three-exponential solution have to be based on additional information concerning intrarenal heat transport. The existence of two parallel circulations in the kidney (cortical and medullary) supplying areas with widely different inert gas clearances might suggest that venous heat clearance curves could be the sum of a rapid cortical and a slower medullary component. Furthermore, the extremely rapid initial phase could well represent arteriovenous heat exchange. This model, considering the venous heat clearance curve as a sum of heat washout from three independent parallel compartments, has the important virtue of being simple enough for mathematical analysis. According to this model, the meaning of rate constants and intercepts of the venous washout curve after cessation of constant infusion is derived from the differential equations describing removal of relative temperature gradients from each compartment: where 0 O| , represents the uniform initial temperature 0o multiplied by V,,/V,,,,,,,.
Taking 0 O as 100%, the intercept, 0 On , thus represents clearance from the n th compartment in percent of total clearance (8) . Furthermore, the solution shows that the rate constants equal clearance per volume of tissue.
Since clearance must to some extent depend on blood flow, this interpretation obviously requires unchanged renal blood flow during the measurement. Continuous recording of renal arterial blood flow with an electromagnetic flowmeter usually showed a slight flow reduction during the infusion of cold saline, in no case exceeding 10% of control. After stopping the infusion, flow returned gradually to control level in the course of 1 minute. These relatively small changes were assumed not to influence the estimated parameters significantly. Possible changes in renal heat generation were also assumed to be negligible.
Assuming, as the model requires, that the curves represent clearance of three parallel compartments to a constant outer milieu, the relative compartment volumes can be calculated as 0 o /fc (8), giving 5.5%, 33.0%, and 61.5%, respectively, of the total volume of the system. The validity of the compartment model will be considered in the following:
Third component. The rate constant of the last component (0.59 min" 1 ) agrees well with average heat clearance per volume of 0.61 min" 1 measured locally in the inner medulla and deeper layers of the outer medulla (9), accounting for 10% to 20% of total kidney volume (10). The estimated volume of the third compartment of 61.5% is somewhat uncertain, but nevertheless suggests that the last component must represent clearance from more than medullary tissue. It has previously been shown that heat is removed from the Circulation Research, Vol. XXV, November 1969 inner medulla mainly by conduction (diffusion) to the corticomedullary border, rather than by medullary blood flow (9) . By analogy, it is reasonable to assume that heat conduction to the tissue surrounding the kidney could explain the high value for the relative volume of the last component. This hypothesis was supported by temperature curves recorded from a thermojunction embedded 2 mm above the renal capsule, which showed a marked heat exchange between kidney and perirenal tissue (Fig. 3) . The washout started after a delay of 10 to 20 seconds and approached a rate constant of about 0.8 min" 1 .
Application of Kety's method to calculate kidney perfusion based on the venous heat clearance curves gives further evidence for inclusion of some perirenal tissue in the heat distribution volume. Assuming that heat distribution space equals kidney volume and that all indicator leaves the kidney through the renal venous blood, blood flow per volume of tissue (F/V) can be calculated as (11) F 00-X
[e, : (t)-e,,(t)]dt (3)
where X is the tissue/blood ratio of heat capacity per unit volume (corresponding to the partition coefficient of gases). Since -03 r Saline infuS'On
FIGURE 3
Temperature recording, 2 mm from the kidney surface during and after stop of arterial infusion. Inset shows semilogarithmic plot of the washout curve. Note delayed temperature response.
arterial temperature can be assumed to return immediately to control level upon stopping infusion, the term Q a (t) equals zero. The integral then reduces to the area under the venous washout curve, which was estimated from the graphical peeling off analysis. It should be noted that this formula is also valid in the presence of shunting, and requires no assumptions regarding compartmentalization. As shown in Figure 4 , the perfusion calculated in this way was only about half of the measured renal blood flow per gram of tissue. This large underestimation of kidney perfusion cannot be explained by errors in measurement of blood flow, temperature, or kidney weight, and therefore has to be caused by a discrepancy between kidney volume and heat distribution volume. In fact, to satisfy the basic equation given above, the average heat distribution volume (V in equation 3) would have to be 223% (range 131% to 332%) of renal volume.
Since heat is removed mainly by diffusion from inner medulla and perirenal tissue, these areas are not true compartments, and the extrapolation of the last component may be questioned. Thus, if a slab or a sphere of uniform initial temperature is exposed to a Cortical heat clearance curves at various distances from the corticomedullary border. Cortex 9 mm thick. Dotted line represents the initial slope of the most rapid curve.
sudden change of surface temperature, the heat flux from the body will start out very fast and then fall off gradually, inversely proportional to the square root of time. However, in actual fact the input signal, i.e., the temperature change in outer medulla and at the kidney surface, is not a square wave, but rather an exponential function. In that case, the heat flux from these "diffusion compartments" will approximate a monoexponential curve (12) , and the linear extrapolation of the last component to zero time would therefore seem reasonably well justified.
Second component. The hypothesis predicted the second component to represent heat clearance from a uniform cortical compartment. This assumption was not immediately supported by local measurements in the cortex, as shown in Figure 5 . In the deeper layers of the cortex, the initial heat clearance per volume was considerably faster than k 2 , but then gradually fell off to about average k 2 or lower. In more superficial layers, heat removal started out after some delay and approached an exponential course with a rate constant somewhat lower than k 2 . Tissue surrounding "shunt vessels" (see below) extending for some distance from the corticomedullary border might explain the relative-ly rapid initial clearance from the inner cortex, and the outer cortical curve might to some extent be influenced by heat diffusion from perirenal tissue, representing the third component.
The varying shape of the clearance curves from deep to superficial layers of the cortex (Fig. 5 ) may indicate some degree of series arrangement of compartments. Alternatively, it might be suggested that heat clearance from the cortex is mainly effected by heat diffusion toward the large vessels at the corticomedullary border. If this were the case, the clearance per volume of tissue from the outer cortex may be calculated to be less than 0.2 mkr 1 (12) (assumed cortical thickness 10 mm and thermal conductivity coefficient 1.2 • lO^cir^sec" 1 ). As the observed rate constants are several times higher, it must be concluded that heat clearance from the cortex is mainly determined by cortical blood flow.
Because of the serial arrangement, the rate constant of the second venous component can at best give a useful approximation of average cortical heat clearance per volume of tissue. The fact that k 2 is lower than expected from total renal blood flow and kidney weight (Fig.  4) , and also lower than locally measured cortical blood flow (13, 14) , might be due to an arteriovenous heat shunt. The existence of areas with high heat clearances in deep cortical layers supports this interpretation because, if interlobular arteries permit some degree of heat equilibration with cortical tissue, they must also permit exchange with counter-flowing blood in the interlobular veins, either directly or via immediately surrounding tissue.
Because of serial arrangement both within the second component and between the second and third components, nothing can be inferred from the intercepts about the relative clearances from the two areas. Their sum may, however, represent the kidney tissue clearances as modified by the shunt.
First component. Subtraction of components two and three from the venous thermodilution curve suggests a fast component with a rate constant of 10.4 min" 1 and an intercept In all estimates of intrarenal blood flow distribution, cortical flow greatly exceeds medullary flow, but no method has given values comparable to the fast component of the venous thermodilution curves, which corresponds to a perfusion of 10.4 ml/min/g. Measurements of transit times for albumin (13) and red cells (14) and also clearance of 85 Krypton (15) and hydrogen gas (3) all suggest a fairly homogeneous capillary blood flow in the cortex of the order of 3 to 6 ml/min/g. An anatomical heat shunt would require dimensions of interlobular or larger vessels, which do not allow complete temperature equilibration between venous blood and surrounding tissue (16) . The corticomedullary border, where the vessels of larger dimensions are located, was extensively examined for anatomical shunts by von Kiigelgen et al. (17) , with negative results. On the other hand, these authors pointed out the intimate relationship between arteries and veins in this area, with the arcuate arteries often completely embedded in the large sinusoid arcuate veins. With this vessel configuration, it seems reasonable to conclude that the rapid first component of the venous thermodilution curves results from arteriovenous heat diffusion.
In that event, the ki value has no direct physiological interpretation, but the intercept of 34% may give a quantitative estimate of the part of the imposed temperature gradient leaving the kidney by direct arteriovenous diffusion. Alternatively, the quantity of the shunt may be defined as the proportion of kidney heat clearance with greater rate constants than those included in the second component. These are lumped together in fci.
The interpretation of 0 O i depends on the justification of linear extrapolation to zero time of the second component, whose input will obviously be modified by the shunt. Because of the high rate constant of the shunt component (fci) relative to k 2 , the initial input may still be considered a square wave. However, the input temperature is initially not reduced by 0 n , but in the case of an ideal shunt (instantaneous and without equilibration with tissue), only by (0 O -0oi), and then falls exponentially towards zero. The clearance from a compartment distal to the shunt is thereby reduced by a factor of 0m/0o relative to blood flow. However, the washout will nevertheless proceed monoexponentially (18) , and thereby justifies the linear extrapolation of the second component.
The modifications of the three-compartmental model considered above might suggest a more realistic but complicated model including series arrangement, heat conduction, and partial heat equilibration between counterflowing blood and surrounding tissue. As far as we can see, any such model would be too complicated to be strictly defined by available information, and would probably not lead to better quantitation of intrarenal heat shunting.
Comparison to Otlier Studies.-Schieve et al. (19) and Sadler and Tuttle (20) reported a gradually increasing heat clearance from the kidney surface to the corticomedullary border, and concluded that blood flow is decreasing from the deeper toward the superficial layers of the cortex. The same pattern was observed in the present study, but we find it more likely to be caused by arteriovenous heat shunting in deep cortical layers, and to some extent also by heat diffusion toward the corticomedullary border. This conclusion agrees well with the temperature distribution observed by Janssen and Grupp (5) . The temperature at the corticomedullary border was about 0.1°C above renal arterial blood, and close to venous temperature, whereas both cortex and medulla exceeded arterial temperature by about 0.15°C. This is in good agreement with the concept of an arteriovenous shunt keeping an over-temperature in the heatproducing renal tissue; without shunt and with blood-tissue temperature equilibra-tion only in vessels smaller than interlobular arteries and veins, the tissue and venous temperatures would be equal. As pointed out above, participation of bigger vessels in the heat exchange will functionally act as a shunt. From their data, Grupp and Janssen (21) calculated the renal heat turnover, from which total renal heat clearance may be derived: at a renal blood flow of 4 ml/min/g, heat clearance averaged 75% of blood flow, falling to 50% at a blood flow of 2 ml/min/g. Their data thus indicate a shunt of 25% to 50% of renal metabolic heat, in fair agreement with the present estimate of 34% based on imposed changes in renal heat content. No obvious correlation was evident between the heat shunt and renal blood flow in the present study.
In experiments similar to those presented here, Aukland et al. (3) measured renal hydrogen gas desaturation with a platinum electrode in the renal vein. The curves showed a rapid initial component of 5% to 10%, which was interpreted as a functional gas shunt between the vasa recta limbs. Since the diffusibility of heat is at least 20 times higher than that of hydrogen gas, the heat shunt estimate is surprisingly low. The explanation may be twofold. First, excessive shunting will be counteracted by back diffusion. Furthermore, the hydrogen gas shunt is probably located in the vasa recta, where it may be so efficient that not much more heat can be shunted. The major part of die heat shunt may therefore be located in greater vessels, permitting very little shunting of the less permeable gas, i.e., the arcuate vessels at the corticomedullary border and possibly also the interlobar or interlobular vessels, or both.
Conclusions and Implications.-About onethird of metabolic heat produced in the kidney is shunted from venous to arterial blood in interlobular and greater vessels within the kidney. Since this shunt will reduce heat clearance from more peripheral cortical tissues, measurement of local heat clearance cannot give quantitative information on local capillary blood flow in the renal cortex. Neither can we recommend use of the second component of the venous heat clearance curve for estimation of cortical blood flow, since it contains the error due to heat shunting and, in addition, bears a somewhat uncertain relationship to average cortical heat clearance. The arteriovenous shunt will obviously impair removal of metabolic heat and thereby increase cortical and medullary temperature by about 0.05 c C ) which probably has no physiological significance. Measurement of total renal blood flow by venous heat clearance is precluded by heat exchange with perirenal tissue.
